Key points: 1. A solar wind proxy method is developed and validated for the 2017 September ICME event. 2. Time-dependent MHD model reproduces detailed structures observed by MAVEN for the ICME event. 3. Model predicts drastic variation of plasma boundaries and large enhancement of ion loss rates during the event.
Section 1 Introduction
Mars does not have a strong global magnetic field, with only non-uniformly distributed crustal magnetic fields [Acuna et al., 1999] . As a result, it interacts with the solar wind in a much more direct way, similar to other unmagnetized obstacles such as Venus, with some complications caused by crustal magnetic anomalies. Solar wind conditions play important roles in controlling the locations of plasma boundaries around Mars [Edberg et al., 2009] and ion escape rate from the planet [Ramstad et al., 2015] . Space weather events, such as interplanetary coronal mass ejections (ICMEs), are associated with significantly disturbed solar wind conditions, such as enhancement of the solar wind dynamic pressure and IMF direction changes. Thus their influences on plasma environments and the atmosphere of Mars have been the subject of many studies [Crider et al., 2005; Dubinin et al., 2009; Haider et al., 2009; Edberg et al., 2010; Opgenoorth et al., 2013; Morgan et al., 2014] . However, most of the early event studies were restricted due to limited spacecraft coverage or limited plasma instruments on board.
The ongoing Mars Atmosphere and Volatile EvolutioN (MAVEN) mission carries a comprehensive plasma instrument package, and covers most of the plasma regions during the majority of its orbits, enabling a comprehensive evaluation of the impact of space weather events. Even though MAVEN has operated mostly during moderate to quiet solar activity cycle phases, it has observed quite a few strong ICMEs, of which the 8 March 2015 ICME event has been extensively studied [Jakosky et al., 2015; Dong et al., 2015; Curry et al., 2015; Hara et al., 2016] , with both MAVEN measurements and multiple time-stationary numerical simulations. The 2015 March ICME was also examined in detail based on a time-dependent MHD simulation [Ma et al., 2017] , using time-varying upstream solar wind conditions observed by MAVEN. The large variations of the ionosphere and magnetosphere in response to the disturbed solar wind conditions were for the first time reproduced by the model, which also provided a quantitative description of the variation of the ion loss rates for the ICME event.
On 10 September 2017, MAVEN observed an X-class solar flare affecting Mars, shortly followed by a fast interplanetary coronal mass ejection (ICME) [Lee et al., 2018] , providing another great opportunity to advance our understanding of space weather events and their impact on Mars. In this paper, we examine in detail the impact of the 2017 September ICME event on the Martian system using numerical simulations to interpret the global responses. The numerical method is described in section 2. Results and comparisons with steady-state cases are presented in section 3, followed by a description of a solar wind proxy derived for the time period (section 4) and the results from the related time-dependent MHD model (section 5). The paper concludes with a brief summary and discussion.
Section 2. Model description
A multi-species single-fluid MHD model of the Mars-solar wind interaction is used in this study in both steady-state mode [Ma et al., 2004] and time-dependent mode [Ma et al., 2015 [Ma et al., , 2017 . This model has been described in detail in Ma et al. [2004] and Ma et al. [2015] . It includes both a Mars crustal field description and the major Mars atmospheric gases from which Mars O + , O2 + and CO2 + ions are produced by photoionization, electron impact ionization, and charge exchange. Some recent updates include the ability to calculate optical depth based on the Chapman function [Ma et al., 2015] , and to use a more recent crustal field model of Morschhauser et al. [2014] in the MHD model. The steady-state model results have been previously validated using Viking observations [Ma et al., 2004] , while the time-dependent MHD model results have been compared with Mars Global Surveyor (MGS) [Ma et al., 2014] and MAVEN for both quiet [Ma et al., 2015] and disturbed solar wind conditions [Ma et al., 2017] .
In steady-state mode, the solar wind conditions and planet orientation are kept constant. The code uses a local time-stepping scheme, and each grid cell is advanced with the locally stable time step, so that the solution can quickly converge to a quasi-steady state. This provides an efficient way to obtain a general understanding of the solar wind interaction process under different driving parameters (e.g. solar wind density, velocity, IMF strength and EUV flux). In cases when the solar wind conditions are highly variable and the system response time is of interest, it is more appropriate to use the model in the time-dependent mode. The timedependent mode requires more intense computational resources, as the time step allowed in this mode is fairly small, ranging between t= 0.005 -0.01 s, largely depending on the upstream solar wind velocity. In addition to the time-varying solar wind conditions, this model can also take into account the rotation of the crustal magnetic field [Ma et al., 2014; Fang et al., 2015 Fang et al., , 2017 .
The spherical grid structure and resolution are the same as in Ma et al. [2017] , with 10 km radial resolution in the ionosphere. The calculation is done in Mars Solar Orbital (MSO) coordinates: with the X axis pointing from Mars toward the Sun, the Y axis pointing opposite the direction of Mars' orbital velocity perpendicular to X, and the Z axis completing the orthogonal coordinate. In September 2017, Mars was located at 60 degrees solar longitude near the northern summer solstice. The corresponding subsolar latitude is about 21.7 degrees, and the Mars rotational axis in MSO is given by: [0.37, 0.21, 0.905]. The outputs include the vector magnetic fields and plasma moments (density, velocity and temperature) at the grid points. Mars ion escape rates are derived by integrating the planetary ion fluxes exiting through a spherical surface at 6 RM.
Section 3: Results from three steady-state cases
During the ICME event, MAVEN orbits were located entirely inside the Martian bow shock, thus no direct solar wind measurement is available. Meanwhile, Mars EXpress (MEX) did go out in the solar wind for some time periods, but MEX science operations were turned off due to power restrictions [Lee et al., 2018] . Three steady-state cases are first simulated using estimated solar wind conditions as listed in Table 1 . The solar wind density and speed were estimated based on Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2015a] observations of penetrating proton flux near periapsis [Halekas et al., , 2017 . The IMF strength and clock angle are estimated according to magnetometer (MAG) [Connerney et al., 2015a [Connerney et al., , 2015b observations in the sheath region. Case 1 represents the quiet solar wind condition prior to the ICME arrival; Cases 2 and 3 correspond to the disturbed solar wind conditions associated with the ICME at its early and late phases, respectively. The MAVEN observations from the SWIA, MAG and the SupraThermal And Thermal Ion Composition (STATIC) [McFadden et al., 2015] during the first 10-hour time period on 13 September 2017 are compared with the steady-state model results in Figure 1a ( Figure 1b shows comparison with a time-dependent MHD run and will be discussed later in section 5). The results from three steady-state cases are combined together, with each case representing a certain time period as specified in Table 1 . Before the ICME shock arrival (indicated by the vertical purple dashed line marked as T1, corresponding to 2:52 UT), results from the quiet case (Case 1) agree best with MAVEN observations. After T1, solar wind pressure and IMF strength were largely enhanced and such conditions are better captured by Case 2. The IMF direction reversed from the "toward" sector to the "away" sector around T2 (second vertical line, ~ 5:10 UT). After T2, Case 3 reproduces results that are closest to the observations. Over the time period, the crustal field contribution is insignificant along the MAVEN orbit, with a peak value of 50 nT near the second periapsis, less than half of the total field strength. Corresponding ion escape rates for the three cases are calculated and listed in Table 1 . The Mars atmospheric ion loss rates are significantly enhanced after the ICME arrival: the total ion loss rate increased to 4.7 and 12.2 times more than the quiet case for Cases 2 and 3, respectively.
The overall features of the plasma density, velocity, magnetic field strength and the three field components are all reasonably captured by the three steady-state simulations. But there are also some notable discrepancies. For example, the plasma velocity is over-predicted by Case 2 between 4:00 and 5:00 UT, and the proton density is overestimated by Case 3 between 5:40 UT and 7:00 UT. As the solar wind condition is highly variable during the ICME event, the time-stationary model runs could not capture the observed variability and fluctuations in plasma and field measurements.
Section 4: Deriviation of the solar wind conditions
To quantify the system response to the highly variable solar wind conditions associated with the ICME, a time-dependent run with realistic solar wind input conditions is needed. To overcome the difficulty of lacking direct solar wind measurements, we developed a method to derive the upstream solar wind conditions based on MAVEN observations in the magnetosheath region.
Even though the relation between solar wind plasma conditions and sheath plasma conditions is not exactly linear, sheath plasma conditions normally have a direct correlation with the solar wind conditions. For a certain Mach number condition, when solar wind density increases, we expect the proton density inside the sheath to rise; similarly, when the upstream solar wind velocity is enhanced, the plasma velocity in the sheath region becomes greater. So, we can estimate instant solar wind conditions (density, velocity and magnetic field strength) using the observed plasma conditions adjusted by a compression (or slow down) factor as expressed in the following equations:
Here nsw0, UXsw0 and BIMF0 are the input solar wind conditions of any of the steady-state runs, and nmodel(H+), UXmodel(H+) and Bmodel are outputs of the corresponding run at MAVEN locations. The instantaneous solar wind density (nsw) is estimated to be the observed proton density nobs(H+) adjusted by a compression factor (nmodel(H+) /nsw0). So, the solar wind density nsw would be higher (lower) than nsw0, if the observed plasma density nobs(H+) is larger (smaller) than model prediction nmodel (H+) . The underlying assumption is that the normalized density at any given location in the sheath region is nearly a constant. Such an assumption should work well if the observations and model predictions are similar, meaning that the actual solar wind conditions are not largely different from the input solar wind conditions of the model. In cases when the fast Mach number changes substantially, the results from the proxy method may not be very accurate. Similarly, we can estimate the solar wind velocity component UXsw and IMF strength BIMF using equations (2) and (3). Note that this method does not work inside the induced magnetosphere where the plasma flow is significantly slowed down and a large number of Mars ions are being picked up. So we only apply the proxy when (UXmodel(H+)/UXsw0) is larger than 0.7 and at altitudes greater than 1600 km.
We assume the upstream IMF BX component is zero and the IMF clock angle is the same as the magnetic field measurement in the sheath region. The IMF clock angle is defined as the angle of the field vector in the YMSO-ZMSO plane where 0° is along +YMSO and counted counterclockwise. It has been found that the clock angle in the dayside sheath region can provide a good proxy for the upstream IMF [Fang et al., 2018] . The assumption works the best for low solar zenith angles at high altitude. In the worst case, the error is about 20 degrees, considering the fact that the SZAs of MAVEN orbits are between 62-117 degrees during the event and we only use the proxy above 1600 km altitude. Also, we assume the solar wind flow is only along the X direction, and UY and UZ are neglected.
We use one-minute average data when deriving the solar wind proxy. Also, we combine the solar wind proxies from the three steady-state cases with each case covering the time period when it best agrees with the MAVEN observations. In addition, when deriving the time series of the solar wind proxy data, a time shift is included to take into account the propagation time from the outer boundary of the simulation (X0 = 8 RM) to the spacecraft location (XSC) where the measurement was made. Specifically, the delay time is calculated as: ∆t = (X0-XSC) /UXSW (4) The above equation only roughly estimates the time-delay as the slowdown of the plasma inside the shock is neglected. So, the actual delay time should be a little longer, but the error should be fairly small as we only apply the proxy when the sheath flows are faster than 0.7 of the solar wind speed.
Using the method described above, we converted MAVEN measurements in the sheath region to solar wind conditions. The derived solar wind proxy is plotted in Figure 2 together with MAVEN SWIA and MAG observations. As can be seen from panels b and d, in most of the regions, the derived solar wind density (and magnetic field strength) is notably smaller than the sheath proton density (and field magnitude) as observed by MAVEN, due to the compression of the plasma density (and magnetic field) across the shock. Panel c shows the derived solar wind speed as somewhat larger than the measurements, consistent with the slowdown of the solar wind plasma across the shock. The predicted solar wind density varies between 1.7 to 16 cm -3 , velocity ranges from 300 to 880 km/s, and magnetic field strength changes between 1.1 to 18.5 nT during the 10-hour time period. These large variations of the solar wind conditions during the time period are also shown in Figure 3 , panels 1, 3, and 5. The solar wind dynamic pressure changes from 1.0 nPa from pre-ICME conditions to a peak value of 20.8 nPa around 8UT, with a peak fast Mach number (Mf) of 8.2 at a similar time.
Even though MAVEN was inside the Martian bow shock during the entire period, the SWIA was in the solar wind mode during some time periods: 3:40-3:50, 8:50-9:20, and 9:55-10:05 UT. In this mode of SWIA operation, its field of view is focused on the solar direction. As a result, SWIA missed part of the particle distribution of the deflected sheath plasma in the onboard moments. Those data are neglected when deriving the solar wind density and velocity (see Figure 2b and 2c). Also note that the ICME event was associated with solar energetic particles which may produce some artificial background in the SWIA detector. As the background counts are roughly uniformly distributed over all energies and angles, this results in a higher density (because more counts are added) and a lower bulk velocity (because extra counts are spread over all angles). It is estimated that the density could be overestimated by as much as 1 cm -3 and the flow velocity could be up to 100 km/s lower when the ambient plasma density is low.
Section 5: Time-dependent MHD model results
We next use the derived solar wind proxy to drive the time-dependent simulation to quantify the impact of the ICME on the Martian plasma environment. In the time-dependent run, the time-varying solar wind conditions propagate into the simulation domain from the upstream boundary (8RM), and the data gap in the proxy is filled in using linear interpolation, except near the ICME shock arrival, a plasma jump condition was specified (see redlines in Figure 2b-2g) .
The comparison of the time-dependent model results with MAVEN observations in Figure 1b is significantly better than its steady model counterpart in Figure 1a , especially in the sheath region. As can be seen from panels b2 and b3, variations in proton density and UX components of SWIA are closely followed by the time-dependent model results, much improved from the steady-state cases. There are still some discrepancies around 4:20 UT in UY and UZ components, likely due to the fact that we assume that the solar wind flow is exactly aligned with the X axis, which might not be the case during this particular time. The sharp enhancement of the magnetic field strength at the ICME shock arrival is well captured by the model at the right time with the correct magnitude, as shown in panel b4. The magnetic field rotation between 5:00-6:00 UT is also well reproduced by the model (see panels b5-b7). The BX component is well reproduced despite the fact that the IMF BX component is neglected when deriving the solar wind proxy. This indicates that in the sheath region, the measured BX is largely due to the draping of the magnetic field lines. The good model-data comparison clearly demonstrates that the solar wind proxy derived using the method (described in section 4) is quite reliable for this event.
Detailed responses of the Martian system to the ICME event is examined based on the timedependent MHD model results. Three typical plasma boundaries are determined using the following criteria:
1. ICB (ion composition boundary): where planetary ions become dominant over solar wind protons; 2. IMB (induced magnetosphere boundary): where the magnetic field pressure becomes the dominant pressure over thermal pressure and dynamic pressure; 3. BS (bow shock): where the plasma flow speed becomes slower than the fast magnetosonic speed. These plasma boundaries are calculated every minute along the subsolar line based on model results as shown in Figure 3 24 to 3.510 25 s -1 , enhanced by more than 20 times, mostly controlled by the solar wind dynamic pressure. The peak value is about 60% larger than predicted by Case 3 of the steady-state cases. For the majority of the times after the ICME shock arrival, the ion loss is dominated by O2 + . The contribution of O + becomes comparable and overtakes that of O2 + for a very short time period when the solar wind density is relatively high. The solar wind conditions for this event were more disturbed as compared with the 8 March 2015 ICME event, with a higher peak solar wind pressure (20 nPa vs 15 nPa), and a larger variation of Mach number. As a result, the plasma boundaries showed large variations in this event, and the related total ion loss rate was enhanced by a larger factor (21 vs 10) [Ma et al., 2017] .
The magnetic field topology response to the event is also examined in detail by Xu et al. [2018] , in connection with interpretations of the Solar Wind Electron Analyzer (SWEA, [Mitchell et al., 2016] ) observations. Both SWEA observations and the time-dependent MHD model results suggest that the IMF penetrates deeper into the ionosphere due to the enhanced solar wind dynamic pressure, a response that is also partly responsible for the enhanced Mars ion losses.
Section 6. Discussion and conclusions:
We have used a multi-species single fluid MHD model to study the 2017 September ICME event based on both steady-state cases and time-dependent mode runs. The three steady-state cases are compared with MAVEN in-situ time series observations of the plasma and magnetic field along the S/C orbit. Each steady-state case captures the main features of the observations for a certain period, corresponding to pre-ICME, early and late phases, respectively. Results from steady-state runs are also used to derive a solar wind proxy, which is tested using a timedependent MHD model. Comparison between the MAVEN plasma and field observations and the time-dependent MHD model results along MAVEN's orbit show that the agreement is greatly improved compared to the steady state runs, especially in the magnetosheath region. This clearly demonstrates that the solar wind density, velocity (x component), magnetic field strength and clock angle can be determined quite accurately using the method, proving a viable alternative to use for simulations when actual upstream observations are not available. The data-validated time-dependent simulation results in turn provide global information on Mars' response to the local interplanetary conditions.
As the steady state runs are time-efficient, this provides an in-expensive method to infer the solar wind conditions from magnetosheath observations. However, there are still some caveats in the proxy, e.g. some solar wind parameters such as BX, UY, and UZ are currently neglected. The solar wind proxy method can certainly be further improved. For example, in addition to sheath observations, the magnetic field measurements inside the MPB region can also be used to constrain the solar wind conditions, as the peak of the magnetic field strength should be a good indicator of the solar wind dynamic pressure, and the magnetic field direction there can be used to infer the clock angle. However, such information is not as straightforward to relate to upstream conditions as the sheath measurements. In addition, the time delay needs to be properly included, because the plasma flow slows down significantly due to the mass loading by the planetary ions. We will try to address these caveats and improve the solar wind proxy method in our future studies.
The time-dependent MHD model results are examined to quantify the response of the Martian system. It is found that locations of different plasma boundaries are controlled by different solar wind parameters. We also infer that there is a significant enhancement of the Mars ion loss rates. Compared with the 8 March 2015 ICME event, the solar wind conditions for this event were more disturbed. As a result, the plasma boundaries showed larger variations with more enhanced total ion loss rate. This finding further reinforces the idea that space weather effects can have a significant effect on the Mars atmosphere escape. The full range of these enhancements can be better determined by similar analyses of additional, even larger, events. 
